A mutant of Arabidopsis thaliana, deficient in activity of the chloroplast n-6 desaturase, accumulated high levels of C16:1 and C18:1 lipids and had correspondingly reduced levels of polyunsaturated lipids. The altered lipid composition of the mutant had pronounced effects on chloroplast ultrastructure, thylakoid membrane protein and chlorophyll content, electron transport rates, and the thermal stability of the photosynthetic membranes. The change in chloroplast ultrastructure was due to a 48% decrease in the amount of appressed membranes that was not compensated for by an increased amount of nonappressed membrane. This resulted in a net loss of 36% of the thylakoid membrane per chloroplast and a corresponding reduction in chlorophyll and protein content. Electrophoretic analysis of the chlorophyll-protein complexes further revealed a small decrease in the amount of light-harvesting complex. Relative levels of whole chain and protosystem 11 electron transport rates were also reduced in the mutant. In addition, the mutation resulted in enhanced thermal stability of photosynthetic electron transport. These observations suggest a central role of polyunsaturated lipids in determining chloroplast structure and maintaining normal photosynthetic function and demonstrate that lipid unsaturation directly affects the thermal stability of photosynthetic membranes.
the physical properties of this lipid are largely determined by its acyl chain composition (23) . MGD accounts for up to 50% of the thylakoid lipid matrix and is characterized by its highly unsaturated acyl chain substituents which typically contain more than 5.5 cis double bonds per molecule (23) . In contrast with saturated MGD, which forms conventional bilayer structures when dispersed in aqueous systems, highly unsaturated MGD forms hex-TI micelles. The tendency of MGD to form hex-II structures has been suggested to aid in the packing of Chl-protein complexes into the thylakoid membranes (23) . Furthermore, very small changes in the degree ofunsaturation cause MGD to undergo a liquid-to-gel phase transition at room temperatures (10) . Thus, the high proportion of polyunsaturated fatty acids in MGD may be an important factor in establishing and maintaining photosynthetic membrane function. Indeed, the acyl composition of MGD is under developmental control during chloroplast biogenesis (8) and changes in chloroplast lipid unsaturation have been shown to accompany whole plant acclimation to temperature extremes (24) .
To examine the role of polyunsaturated fatty acids in chloroplast membranes we have isolated a number of mutants of Arabidopsis thaliana that have leaf lipids with altered acyl composition (28) . Physiological analysis of a mutant deficient in synthesis of trienoic fatty acids did not reveal significant changes in photosynthetic properties but did demonstrate that trienoic acid levels influence chloroplast size and number (1 7) . The properties of the recently isolated fadC mutant are described here. This mutant is deficient in the activity of the chloroplast n-6 desaturase, which normally desaturates C16:1 and C18: (4) . As a consequence, the proportion of polyunsaturated fatty acids in the photosynthetic membranes of the fadC mutant is reduced to 5 1 % ofwild-type levels. The results presented here indicate that polyunsaturated fatty acids are important for thylakoid membrane organization, composition, and function. In addition, our results indicate that lipid polyunsaturation is an important determinant of the thermal stability of photosynthetic membranes in Arabidopsis.
MATERIALS AND METHODS Plant Material and Growth Conditions
The mutant line LK3 was isolated from the Columbia wild type of Arabidopsis thaliana (L.) Heynh. as previously described (17) . The mutant carries a defective allele of a locus, LIPID UNSATURATION AND CHLOROPLAST STRUCTURE AND FUNCTION designated fadC, which is required for the desaturation of C16: and C18: on chloroplast lipids (4). It was backcrossed to the wild type three times before being used for the experiments described here. Unless otherwise indicated, plants were grown at 22°C under continuous fluorescent illumination (100-150 ME m-2 s-') on a perlite:vermiculite:sphagnum mixture (1:1:1) irrigated with mineral nutrients.
Measurements of Growth Rate
Plants were germinated at 22°C and grown under conditions described above. After 14 d the temperature was adjusted as noted in the text. Samples of four plants were harvested at 3 d intervals, and the fr wt ofthe aerial portions were measured. The relative growth rate (w-') was determined as the slope of the natural logarithm of the average fr wt (in mg) plotted against days since the temperature adjustment.
Extraction and Analysis of Chi, Proteins, and Lipids
Leaves were harvested at the rosette stage (3 weeks) and fr wt was determined. Leaves were ground in 80% acetone to determine Chl concentration. A leaf protein extract was made by homogenizing leaves in cold 20 mM Tricine (pH 8.4), 5 mM MgCl2, and 2.5 mM EDTA. Aliquots of the extract were used for protein determination using a modified Lowry assay (16) . Fatty acid composition oftotal leaflipids was determined after preparation of fatty acid methyl esters as described ( 17) . Lipids were quantified by gas chromatography using 14:0-methyl ester as an internal standard. Thylakoid membranes were isolated as described below without the addition of BSA to the buffers. Aliquots of thylakoid membranes containing 1 mg mL-' Chl were used for protein and lipid determination.
Isolation of Thylakoid Membranes
Leaves were harvested at the rosette stage and chilled in an ice bath for 5 min. Thylakoid membranes were isolated by grinding leaves in 20 mm Tricine (pH 8.4), 10 mM NaCl, 10 mM EDTA, 450 mM sorbitol, and 0.1% (w/v) BSA. The homogenate was passed through Miracloth (Calbiochem, La Jolla, CA) and centrifuged at 3000g for 5 min. The pellet was washed with cold 10 mm Hepes (pH 7.8), 10 mM NaCl, 5 mM EDTA, and dispersed in resuspension buffer containing: 20 mM Hepes (pH 7.8), 10 mM NaCl, 100 mM sorbitol, 2 mM MgCl2, and 2.5 mM EDTA, and 0.1% (w/v) BSA. MgCl2 was omitted from the resuspension buffer for fluorescence measurements as described in the text.
Electrophoresis of Chi-Protein Complexes
Following the procedures of Dunahay and Staehelin (7), 0.2 mg of isolated membranes were suspended in Tris-maleate buffer with 0.88% (w/v) octyl-f-D-glucopyranoside, 0.22% SDS, and 10% glycerol except that the final octyl-glucoside:SDS:Chl ratio was adjusted to 10:2.5:1. Solubilized membranes were stirred on ice for 5 min and centrifuged at 1 0,OOOg for 5 min to remove starch and debris. Pigment-protein electrophoresis was performed in darkness as described (14) , except that 3 mm 10% polyacrylamide gels were used. Two-Dimensional Gel Electrophoresis L-[35S]Methionine (1083 Ci mmolV') was diluted to 0.5 mCi mL-' with 0.025% Triton X-100 and applied onto both leaf surfaces of 15 d old plants. Twenty-four h after application of the label, aerial portions of five plants were harvested and thylakoid membranes were isolated as described above. Membrane proteins were extracted and resolved by two-dimensional electrophoresis as described ( 13) .
Photosynthetic Electron Transport Measurements
Whole chain and PSI-dependent electron transport activities were assayed at 25°C in the presence of 0.1 mM NaN3, using water and 0.5 mM N,N,N',N'-tetramethyl-p-phenylenediamine (reduced with 2.5 mM ascorbate) as donors, respectively, by monitoring the 02 consumption by 0.1 mM methyl viologen in a Rank oxygen electrode. Thylakoid membranes (20-30 ,ug Chl) were added to the reaction mixture which contained 300 mm sorbitol, 20 mM Hepes (pH 7.8), 10 mM NaCl, 2 mM MgCl2, 2.5 mM EDTA, 0.1% BSA, 0.1 M gramicidin D, and 1 mM NH4CI. The PSI assay also contained 1 gM DCMU to inhibit PSII activity and 10 MAg mL-1 superoxide dismutase. Saturating white light illumination (1200 ME m-2 s-') was provided by a high intensity microscope lamp. PSII-mediated 2,6-dichlorophenolindophenol reduction was measured at 580 nm using a Hitachi 100-60 spectrophotometer as described (14 , with onset of illumination controlled by an electronic shutter (Vincent Associates, Rochester, NY). Fluorescence was measured through a Corning 2-64 red filter by a photodiode placed 900 to the incident light as described (20) . Transients were recorded on a Nicolet Explorer II digital oscilloscope.
Electron Microscopy
Preparation and examination of leaf samples by electron microscopy was carried out as described (16) . Quantitative meassurements of membrane profiles on electron micrographs were made on sections of 20 chloroplasts from both wild type and mutant lines. Granal, stromal, appressed, and nonappressed membrane assignments were made as described in Figure 1 .
Measurement of Chloroplast Copy Number
Chloroplast copy number per cell was determined in isolated protoplasts as described (17) . Aliquots (10-20 ,uL) of protoplast suspension were pipetted on microscope slides and protoplasts were flattened by the coverslip application, so that the chloroplasts formed a monolayer within cells and could be easily counted.
Effects of Temperature on Chi Fluorescence
Temperature-induced fluorescence yield enhancement was measured on dark-adapted, whole, detached leaves by minor modifications of the method of Schreiber and Berry (26) . Weak (0.3 ,E m-2s') monochromatic light at 480 nm with 4nm half-bandwidth was directed at a 450 angle to a leaf placed between two sheets of 0.1 mm thick Mylar in a water filled cuvette in the SLM spectrofluorometer. Fluorescence emission from the leaf surface was monitored at 700 nm with 2 nm half-bandwidth. The temperature of the sample was increased at a rate of 1°C min-', and the fluorescence intensity was recorded simultaneously.
RESULTS

Growth of Mutant and Wild-Type Arabidopsis
To determine whether the altered fatty acid composition of the fadC mutant had an effect on its growth properties, the lipid composition and growth rates of mutant and wild-type plants were examined at a range of temperatures from 10 to 34C. The lipid analysis of mutant plants indicated that the fadC mutation is expressed at all temperatures (data not shown). Both the mutant and wild type had maximal growth rates at approximately 25C (Fig. 2) . However, the growth rate of the mutant was lower than that of the wild type at all temperatures used. The average decrease in the growth rate of the mutant was 14.3%. In contrast, the previously charac- terized lipid mutants of Arabidopsis did not display a reduction in growth rate relative to wild type plants (14, 17) . In view of the fact that the mutant line had been backcrossed three times to the wild type, it seems possible that the reduced growth rate is due to the effects of the fadC mutation. However, additional generations of backcrossing or the isolation of additional independent alleles offadC will be required to exclude the possibility that another mutation is responsible for the reduced growth rate.
Chl, Protein, and Lipid Content of Mutant and Wild-Type Arabidopsis
The primary effect of the fadC mutation is on the chloroplast pathway of lipid biosynthesis (4) . One result of this mutation is a 49% decrease in the degree of polyunsaturation of the major thylakoid lipids. The effects of this change on the amounts of Chl, protein, and lipid were determined on both a whole leafbasis and for isolated thylakoid membranes.
Under standard conditions, the mutant exhibited a slight chlorotic phenotype due to an 18% reduction in total Chl per unit fresh weight (Table I) 
Electron Transport
The effect ofdecreased lipid unsaturation on photosynthetic electron transport was assayed in thylakoids isolated from mutant and wild type grown under standard conditions (Table  II) . When expressed on a Chl basis, the light-saturated rates of whole chain, PSI and PSII activities were higher in the mutant than wild type. The apparent increases in electron transport rates are an indication of a greater reduction in the amount of antenna Chl than in Chl associated with the reaction centers. A decrease in the PSII/PSI ratio in the mutant, and the decrease in PSII activity per unit ofthylakoid lipid (calculated from Tables I and II), indicate that PSII activity is reduced in the mutant. The amount of PSI activity per unit of thylakoid lipid was not affected by the mutation. To compare directly the levels of LHCP, PSI, and PSII Chlprotein complexes in the mutant and wild type, solubilized Chl-protein complexes were separated by mildly dissociating SDS-polyacrylamide gel electrophoresis (Fig. 3) . The identity of the Chl-containing bands resolved by this method (CPI*, CPI, CPII*, CP47, CP43, CPII, and free pigments) was established by comparing the absorption spectra of individual Fluorescence Spectra At low temperatures (77 K), isolated thylakoid membranes have a characteristic fluorescence emission spectrum that can be resolved into three major peaks at 685, 695, and 734 nm (19) . These peaks have been attributed to LHCP associated with PSII, PSII reaction centers, and PSI, respectively. Changes in the peak intensities indicate differences in the efficiency of energy distribution between the Chl-containing (Table III) . MgCl2 regulates a cation-dependent reorganization of protein complexes in isolated thylakoids that causes an increase in energy distribution toward PSII (19) . By normalizing the fluorescence emission spectra with an internal fluorescein standard, it was clear that the higher F685/F734 ratio was due to a lower absolute fluorescence emission at F734 and a concomitant absolute increase in fluorescence at F685 (Fig.  4) . These changes are indicative of a lower efficiency of excitation energy transfer from LHCP to PSI or of some structural impairment of the peripheral antenna of PSI in the mutant. Room-temperature Chl fluorescence primarily represents fluorescence emitted from PSII (20) . In the presence of DCMU, Chl fluorescence depends only on the exciting light intensity, the number of Chl molecules active in transferring excitation energy to PSII reaction centers, and the efficiency of transfer. The measured F. value, the initial fluorescence, was similar for thylakoid membranes from mutant and wild type. However, the maximal fluorescence (Fm) and the proportion of Chl active in photochemistry (Fv/F0), were 17% lower in the mutant (Table III) .
Chloroplast Ultrastructure
Striking changes in chloroplast ultrastructure were observed in thefadC mutant. The major effect of this mutation was on the degree of membrane oppression (Fig. 5) . Morphometric analysis of chloroplasts from mutant and wild type indicated that the average amount of appressed membrane per plastid decreased from 114.1 um in the wild type to 59.0 ,um in the mutant, resulting in a net decline of 48% (Table IV) . This was due to a 32% reduction in the number of thylakoids per granum and a 35% reduction in the granal width. The smaller granal size was partially compensated for by an increase in the number of grana per plastid. In contrast with the effects ofthefadC mutation on granal membrane length, the amount ofstromal membrane was normal in the mutant. This resulted in an appressed to nonappressed membrane ratio of 1.5:1 in the mutant compared to a ratio of 2.8:1 in the wild type.
One result of the reduction in appressed membrane in the fadC mutant was an overall loss of 36% ofthe total membrane length on a chloroplast basis. Since there were no changes in the number of chloroplasts per cell, the lower thylakoid membrane length reflects a net decline in the amount of photosynthetic membrane at the whole cell level. This loss of photosynthetic membrane is consistent with the 19% reduction in the leaf lipid content on a fr wt basis in the mutant (Table I) .
Effect of High Temperature on Thylakoid Membranes
One measure of the thermal stability of chloroplast membranes is based on the effect of high temperature on Chl fluorescence. A sharp rise in Chl fluorescence occurs upon heating thylakoid membranes. This is thought to be due to the dissociation of LHCP from PSII which results in the emission of energy absorbed by LHCP as fluorescence (26) . The temperature at which this occurs provides an index of the thermal stability of photosynthetic membranes (21, 26) .
The effect of temperature of Chl fluorescence on intact leaves of mutant and wild type was measured by heating detached leaves at a rate of 1°C min-' from 26°C up to 58C and continuously monitoring fluorescence. The fluorescence enhancement point of the wild type leaves was about 42.5°C whereas the fluorescence enhancement point of the mutant was 45.5°C (Fig. 6) . The difference in the threshold temperatures suggests that the fadC mutation results in increased thermal stability of Arabidopsis photosynthetic membranes.
Heating of isolated chloroplasts also leads to the inactivation ofphotosynthetic electron transport (2) . This inactivation is probably due to the sensitivity of the water-splitting apparatus of PSII to heat (2) . The effect of temperature on whole chain electron transport rates in isolated thylakoid membranes was measured by incubating isolated membranes in darkness for 10 min at various temperatures from 25 to 45°C, and then measuring whole chain electron transport at 25°C. In both mutant and wild type, increasing preincubation temperatures resulted in progressive inactivation ofelectron transport rates (Fig. 7) . However, the degree of inactivation was significantly higher in the wild type at preincubation temperatures above 30°C. The kinetics of thermal inactivation of photosynthetic electron transport was also examined by incubating isolated chloroplast membranes at 45°C for various times, and then assaying the whole chain activity at 25°C (Fig.  8 Time (min) Figure 8 . Photosynthetic electron transport activity in chloroplast membranes from wild-type and mutant Arabidopsis preincubated at various temepratures for 10 min then assayed at 220C. Activity is expressed relative to that obtained with membranes preincubated in darkness at 4°C for 10 min. Each point represents the mean ± SD (n = 3). sition ofthe mutant brings about the observed changes. There seem to be several nonexclusive possible explanations. First, it is possible that because decreased unsaturation changes the geometry of the lipids, there is a direct effect on the topology of the membranes which is reflected in the altered ultrastructure. In support of this general concept it should be noted that changes in erythrocyte morphology have been induced by changing the lipid composition of the outer leaflet of the plasma membrane (5). However, because large decreases in chloroplast lipid unsaturation resulting from catalytic hydrogenation do not affect chloroplast ultrastructure (25) , we consider a direct effect of lipid composition on ultrastructure unlikely.
Another possible explanation for the observed change in the mutant is that the altered lipid composition differentially alters the stability of certain thylakoid proteins which have roles in determining chloroplast ultrastructure. Because the degree ofunsaturation may affect the extent to which intrinsic membrane proteins are hydrated and, therefore, the degree to which they interact with each other and with soluble proteins, it is not difficult to envision mechanisms which could bring this about. Thus, the observed decrease in the amount of LHCP and the attendant loss of Chl may reflect the degree to which the turnover of this protein complex is sensitive to the lipid environment. In this respect, it should be noted that a correlation between reduced grana formation and low LHCP levels has been observed in Chl b-deficient mutants (3) , and it has been proposed that membrane stacking in higher plant chloroplasts is mediated by adhesion between molecules of LHCP (29) .
A third possibility is that the changes in ultrastructure reflect a compensatory change that largely obviates the otherwise deleterious effects of the altered lipid composition on photosynthetic electron transport. The differences in ultrastructure between the mutant and wild type are reminiscent of the differences between sun and shade plants, respectively (18) . In the case of 'sun plants,' the low proportion of far red illumination is thought to decrease the activity of PSI relative to PSII. By decreasing the amount of stacking, the relative proportions of PSI and PSII activity are brought back into balance, although the net effect of this adaptive process can result in a range of PSI/PSII ratios depending on the species examined (1). By analogy, it is possible that in some way the altered lipid composition in the mutant triggers the same mechanisms which lead to the change in ultrastructure associated with the sun/shade adaptation.
In contrast with the fadC mutant, the fadD mutant of Arabidopsis does not exhibit a reduced percentage of granal membrane, but contains a greater number of smaller chloroplasts per cell ( 17). While both of these mutants are defective in the desaturation of a similar class ofchloroplast lipids, they differ in their acyl chain specificity. The fadC mutant is defective in cis n-6 desaturation of monounsaturated lipids while fadD mutants are defective in cis n-3 desaturation of diunsaturated lipids (4, 17) . Since these two mutations cause reduced chloroplast lipid unsaturation but affect different aspects ofchloroplast ultrastructure, we conclude that changes in the acyl chain composition of chloroplast lipids may influence chloroplast ultrastructure in a highly specific manner.
Chloroplast Function
A deleterious effect of the fadC mutation on PSII activity is partially obscured by the apparent increase in activity per unit Chl. However, the 20% decrease in PSII/PSI activity and the 20% decrease in PSII activity per unit of thylakoid lipid both suggest a specific reduction of PSII activity. A reduction of similar magnitude in whole-chain electron transport activity per unit lipid can be accounted for by the reduction in PSII activity. Similar effects of lipid saturation on electron transport rates were also observed following in vitro catalytic 
